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Sparking New Frontiers: Using in Vivo
Electroporation for Genetic Manipulations
M. Swartz,* J. Eberhart,* G. S. Mastick,†,‡ and C. E. Krull*,1
*Division of Biological Sciences, University of Missouri—Columbia, Columbia,
Missouri 65211; and †Department of Biology and ‡Department of Biochemistry,
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In vivo electroporation is a fascinating new approach by which gene expression, regulation, and function can be studied in
developmental systems. This technique offers new opportunities for manipulations in animal models that lack genetic
approaches, including avians. Furthermore, this approach is applicable to other embryo populations including mice,
ascidians, zebrafish, Xenopus, and Drosophila. In this review, we discuss technical aspects of in vivo electroporation, review
ecent studies where this approach has been utilized successfully, and identify future directions. © 2001 Academic PressW
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One key approach to understanding the genetic mecha-
nisms underlying embryonic development includes ma-
nipulating gene expression and analyzing the subsequent
effects on developmental processes. However, genetic tech-
niques have been limited to early development (e.g., Xeno-
pus, zebrafish), and are often expensive and difficult (e.g.,
mouse) or unavailable (e.g., chicken). The avian embryo has
long served as a classical model system in which to study
developmental events because of its accessibility for micro-
surgical manipulations, the creation of in vitro and in vivo
culture paradigms, and a rich literature concerning chick
embryogenesis, including results from elegant quail/chick
chimeric studies (Saunders, 1948; Hamburger and Hamil-
ton, 1951; Le Douarin, 1982; Landmesser, 1978; Lance-
Jones and Landmesser, 1978; Oakley and Tosney, 1993).
Moreover, the development of time-lapse imaging ap-
proaches in vitro and in vivo has provided investigators
extraordinary access to cell behaviors within their native
context (Krull et al., 1995, 1997; Krull and Kulesa, 1998;
Golding et al., 2000).
There are limitations, however, to the use of the avian
embryo for developmental studies, including the lack of
methods for targeted mutagenesis and transgenic studies.
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All rights of reproduction in any form reserved.hereas these and other genetic manipulations have be-
ome routine in other model systems, including mouse,
ebrafish, and Drosophila, they have not been available in
vians. Retroviral-mediated gene transfer has been em-
loyed successfully by several investigators for ectopic gene
xpression studies in avians (Morgan and Fekete, 1996;
iernan and Fekete, 1997). However, there are limitations
n the size of the DNA insert in some retroviral vectors,
otential complications in analyses resulting from infec-
ion of multiple tissues, and for some viruses, biosafety
oncerns. Recently, a new approach, in ovo electroporation,
as been successfully utilized in avians for genetic manipu-
ation. This approach will provide an enormous opportunity
o study gene expression, function, and regulation in a
ell-characterized, easily accessible developmental system.
urthermore, this approach has been applied successfully to
ther embryo populations and offers a unique and long-
waited gene delivery system for organisms in which gene
ransfer approaches are lacking.
For years, electroporation has been an effective method
or introducing DNA into bacteria, yeast, mammalian cells,
nd plant protoplasts (Neumann et al., 1982; Potter, 1988;
hillito et al., 1985). Electroporation involves the applica-
ion of an electric field pulse to temporarily disrupt mem-
rane stability, creating pores or holes in the plasma mem-
ranes of cells through which DNA is driven as a result of
ts negative charge. Typically, this type of electroporation
ses high-voltage, short-duration electrical pulses, and re-
ults in high percentages of cell death. Although these high
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14 Swartz et al.voltages and reductions in cell numbers are permissible in
bacteria or other cultured cells, they have adverse effects on
embryo development and survival. The application of elec-
troporation to chicken embryos in ovo was made feasible by
modifications in voltage parameters and pulse duration.
Specifically, square wave pulses of low voltage and longer
duration are utilized to achieve DNA delivery in the
chicken embryo, with minimal cell death and excellent
rates of survival. The first published account of using
electroporation in chicken tissue was reported in studies
where plasmid DNA was transfected into Day 10 retinal
explants (Pu and Young, 1990) and, thereafter, this approach
was applied to whole chicken embryos in ovo (Muramatsu
et al., 1996).
CHICKEN IN OVO ELECTROPORATION
The typical procedure for performing in ovo electropora-
tion in the neural tube is schematized in Fig. 1A. First, a
window is cut in the eggshell to expose the chicken
embryo, and DNA constructs are microinjected into the
lumen of the neural tube. At early stages of development,
the neural tube comprises a single-cell-layered
pseudostratified epithelium. Therefore, all neural tube cells
are connected to the lumenal surface, exposed to the DNA.
Two electrodes, each 1–3 mm in length, are placed parallel
and lateral to the embryo on the area opaca, with a distance
of approximately 5–7 mm between them. One electrode
serves as the anode and the other as the cathode. Current
pulses (3–5) of 8–25 V and 50-ms duration are applied using
a square wave electroporator (BTX, San Diego, CA; Intracel,
UK). Because DNA is negatively charged, it moves in a
directed manner from the lumen into neural tube cells that
lie adjacent to the anode. Our constructs contain a chick
beta actin promoter, which mediates gene expression in all
cells that take up the DNA. Typically we have also ex-
pressed green fluorescent protein (GFP) in addition to our
gene of interest, by utilizing a bicistronic expression vector.
In this manner we can easily visualize the targeting effi-
ciency of our electroporation. Following electroporation of
our GFP reporter gene, one side of the neural tube is
GFP-positive, whereas the other side is GFP-negative and
thereby serves as an excellent internal control (Fig. 1B).
Under these conditions, we observed that approximately
75–85% of the cells on one side of the neural tube express
GFP at 48 h postelectroporation. The percentage of cells
expressing GFP or other gene products after electroporation
depends on several elements, including electrode place-
ment (see below), tissue density, and the developmental
stage at which electroporated embryos are analyzed. In
general, more tightly packed tissues can limit DNA diffu-
sion and, thus, display a smaller percentage of GFP-
expressing cells following electroporation. In our hands,
GFP expression was detected as early as 2 h postelectropo-
ration and for as long as 8–10 days afterward.There are several other parameters that must be consid-
Copyright © 2001 by Academic Press. All rightred for in ovo electroporation to operate successfully. In
ome cases, neural tissue that is in direct contact with
lectrodes can be damaged (Funahashi et al., 1999). To
inimize damage, electrode size is an important consider-
tion. Variations in electrode size make significant changes
n electrode resistance, the size of the electric field gener-
ted, and therefore, the survival of electroporated embryos.
arge electrodes (i.e., 1–3 mm length) placed 5–7 mm apart
enerate larger electrical fields and, thus, pass more current
han do fine electrodes positioned at closer distances. The
ge of the embryo and the tissues targeted for electropora-
ion can also impact success. Generally, younger embryos
equire lower voltages, whereas older embryos can tolerate
igher voltages. Electrode placement is a significant vari-
ble. Placement of electrodes dorsal to the neural tube and
entral to the embryo results in gene expression localized to
ne quadrant of the neural tube, dependent on electrode
olarity (Fig. 2). Thus, electrode placement and polarity can
arget gene expression to either dorsal or ventral cell types,
eaving other cell types unperturbed. The availability of a
umenal surface that functions as a “DNA reservoir” after
NA injection helps to promote successful electroporation.
his point is best illustrated by the effectiveness of in vivo
lectroporation in the neural tube. In contrast, lateral plate
esoderm lacks a lumenal surface; however, DNA can be
icroinjected into a pocket of extracellular space that lies
etween the somites and lateral plate mesoderm, under the
ctoderm. It is critical that investigators carefully consider
ll of these parameters and optimize the in vivo electropo-
ation conditions for each tissue type they intend to trans-
ect.
THE ART OF EXPRESSING GENES IN THE
NEURAL TUBE
In ovo electroporation has been used successfully in
experimental studies of brain regionalization and pattern
formation. In the early neural tube, large divisions of the
nervous system are defined independently on the anterior–
posterior and dorsal–ventral axes. Subdivision of the
neuraxis continues on a finer scale, resulting in highly
specified populations of neurons and glia. How are these
distinct neural populations generated? Results from several
laboratories have indicated that complex patterns of gene
expression are likely required to elicit proper patterns of
cell fate determination in the nervous system. Several
factors make in ovo electroporation ideally suited to pro-
vide new and rapid tests of the function of these genes in
neural patterning: (1) the neural tube is a model location for
DNA injection because of its large lumenal surface, (2)
directional electroporation results in internal controls, and
(3) ectopic gene expression is sufficient in many cases for
interpretable results. The general approach taken by several
investigators is to misexpress regulatory genes in the neural
tube, followed by assays that identify altered gene expres-
sion and cell differentiation patterns. Misexpression of
s of reproduction in any form reserved.
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15Using in Vivo Electroporation for Genetic Manipulationsvarious transcription factors and signaling molecules via in
ovo electroporation has been used to study the isthmic
organizing center located at the junction of midbrain and
hindbrain (Araki and Nakamura, 1999; Funahashi et al.,
1999; Okafuji et al., 1999; Katahira et al., 2000; Sugiyama et
l., 2000; Louvi and Wassef, 2000) and the formation of
ompartment boundaries (Inoue et al., 2001). For example,
isexpression of Pax6 in the diencephalic–mesencephalic
egion results in an expansion of forebrain identity into
idbrain territory (Matsunaga et al., 2000). In the same
tudy, in ovo electroporation was used to introduce strong
ominant-active or dominant-negative forms of regulatory
roteins into embryos to disrupt endogenous signaling.
urthermore, in ovo electroporation approaches have been
sed to identify transcriptional regulators in midbrain de-
elopment (Sugiyama et al., 2000). These experiments
hould inspire rapid functional analyses of other molecular
omponents in patterning rostrocaudal subdivisions of the
ervous system.
In ovo electroporation has also been successfully em-
loyed to address the mechanisms underlying the dorsoven-
ral polarity of the neural tube. Sonic hedgehog (Shh) has
een misexpressed in brain vesicles to determine its role in
orsoventral pattern formation in the midbrain (Watanabe
nd Nakamura, 2000). In other studies, in ovo electropora-
ion was used to misexpress particular homeodomain pro-
eins in neural tube cells (Briscoe et al., 2000). Results of
hese studies suggest that these homeodomain proteins
ormally repress each other’s expression to establish neural
rogenitor domains. In a similar manner, in ovo electropo-
ration has been used effectively to modify expression pat-
terns of transcription factors involved in motor neuron fate
specification (Sharma et al., 1998). Patterning genes in the
ye are also prime targets for electroporation, as shown by
tudies in which electroporated plasmid DNA encoding the
ranscription factor Tbx5 and secreted BMP4 altered the
orsoventral polarity of the optic vesicle (Koshiba-Takeuchi
t al., 2000). In combination, these results illustrate the
ollowing strengths of in ovo electroporation: (1) it allows
he investigator good control over the timing and spatial
ocalization of gene expression, (2) it provides a quick
readout” of the effects of gene misexpression on develop-
ent, and (3) it permits gene manipulation in vivo, within
biological context.
MOUSE EMBRYO ELECTROPORATION
The transfer of the electroporation technique used in
chick embryos to cultured mouse embryos is straightfor-
ward in principle, given their similar size and development.
Thus, electroporation of mouse embryos is beginning to be
used for many of the same type of experiments. However,
there are complications applying this approach to the ner-
vous system of mouse embryos compared to that of
chicken. As one example, the mouse neural tube remains
open later than does the chick neural tube, causing poten-
Copyright © 2001 by Academic Press. All rightial problems in DNA delivery and retention in the neural
ube. The first published use of mouse embryo electropora-
ion was a demonstration of the neuron-inducing function
f the mouse ELAV-like RNA-binding proteins encoded by
he HuB and HuC genes (Akamatsu et al., 1999). Electropo-
ation of DNA encoding HuC, driven by a constituitive
romoter, into the hindbrain was sufficient to cause trans-
ected neuroepithelial cells to differentiate into neurons.
onversely, electroporation of dominant-negative Hu pro-
eins inhibited normal patterns of neural differentiation,
nd down-regulated expression of the transcription factor
slet-1. Thus, in vivo electroporation provided a relatively
imple strategy to demonstrate Hu protein function in
eural differentiation in the intact embryo. Furthermore,
he results were consistent with those acquired from previ-
us in vitro studies, supporting the strength of this ap-
roach. Another report showed the successful electropora-
ion of plasmid DNA encoding the lacZ reporter into mouse
mbryos (Itasaki et al., 1999).
Electroporation is readily adaptable to midgestation
ouse embryos, when coupled to whole-embryo culture
echniques, as described by Inoue and Osumi (2001), and as
hown in Fig. 3. Embryos are dissected from the uterus with
he placenta remaining attached to the yolk sac. Electropo-
ation can be conveniently carried out in a saline-filled
lectroporation chamber containing platinum plates on two
pposing walls. After injection of DNA solution into the
eural tube (Fig. 3A), the embryo is oriented relative to the
node, and a train of square wave pulses is applied (5 pulses,
0-ms duration at 25–100 V). By variation of the amount of
NA injected and careful alignment of the embryo relative
o the electrodes, targeting can be precisely localized or
idespread, as desired (Figs. 3B–3E). Coelectroporation of
wo expression plasmids can be carried out, with approxi-
ately 90% of the transfected cells expressing proteins
rom both plasmids (Fig. 3F). After electroporation, the
mbryos are cultured for a period of 1 day or longer, using
otating bottle culture methods.
CHICKEN VERSUS MOUSE?
For initial tests of gene function, chick embryos are
preferable in many cases because of several advantages,
including the ease of access to the embryo in ovo and the
option of long-term development after in ovo electropora-
tion. In comparison, mouse embryos have some disadvan-
tages: whole-embryo culture techniques are technically
challenging, and development in culture is relatively short
(1–3 days) and limited to a narrow window of developmen-
tal time (E7–12). However, the critical strength of mouse as
a model developmental system lies in its use in transgenic
and mutagenesis analyses. We favor a combinatorial ap-
proach, by which investigators take advantage of model
system strengths to address particular questions of interest.
Developmental biologists will have increased access to
molecular probes, antibodies, and cloned genes from
s of reproduction in any form reserved.
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16 Swartz et al.FIG. 1. In ovo electroporation technique for expressing green fluorescent protein (GFP) on one side of the avian neural tube. (A) Schematic
illustration showing in ovo electroporation method. Plasmid DNA (green) is microinjected into the lumen of the neural tube of a chicken
embryo, dorsal view. Electrodes (1, 2) are placed laterally, on the area opaca, and low-voltage, long-duration current pulses are passed via
a square wave electroporator. Temporary disruption of the plasma membrane allows DNA entry into neural tube cells adjacent to the (1)
lectrode. (B) Single optical image through a transverse section from a chicken embryo that was previously electroporated with plasmid
NA encoding GFP, driven by a chick beta actin promoter. GFP (green) expression is localized to neural tube cells on the left side of the
eural tube (nt) but is absent from the right side.
IG. 2. Gene expression can be targeted to one quadrant of the neural tube using in ovo electroporation. (A) Schematic illustration of a
ransverse section through a chicken embryo showing plasmid DNA microinjection (green) into the lumen of the neural tube. Electrodes
re positioned dorsal to the neural tube and ventral to the embryo. (B) Transverse section through the neural tube of an avian embryo
reviously electroporated with plasmid DNA expressing GFP. A ventral quadrant of the neural tube expresses GFP (green) and the section
as been stained with the Islet-1 antibody (red) to mark postmitotic motor neurons.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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18 Swartz et al.genome-sequence efforts in the future. The number of cloned
promoters for cell type-specific targeting of gene expression
should increase greatly, allowing more sophisticated electro-
poration strategies, in mouse and in chicken. Finally, applica-
tion of the electroporation technique to mutant mouse em-
bryos or embryonic explants is a unique opportunity to rescue
mutant phenotypes.
These types of experiments have the potential to refine the
spatial and temporal requirements for gene function. For
example, the ability of certain genes to rescue mutant pheno-
types in the intact embryo could be a powerful assay for
function of gene families, engineered genes, or orthologous
genes from other species. By extension, genetic pathways
could also be dissected by testing the ability of putative
downstream genes to rescue phenotypes caused by mutations
in upstream genes. The use of dominant-negative constructs
has the potential to reveal late functions for genes with early
(preimplantation) lethal mutant phenotypes. Using this ap-
proach, embryos proceed through early development with
wildtype gene function, then gene function can be disrupted in
spatially restricted locations at specific developmental stages
using in vivo electroporation. Targeted mutations by
traditional knockout strategies in mouse will continue to be a
powerful tool to identify gene function, but the rapidity and
ease of transient assays by electroporation may relieve a
potential major bottleneck in the functional genomics pipe-
line. In addition, we would expect that in ovo electroporation
studies in avians will provide high-quality predictions and
justification for more labor-intensive studies involving the
construction of knockout mice.
ELECTROPORATING EMBRYONIC
EXPLANTS AND OTHER TISSUES
Organ or explant cultures provide an entree to develop-
mental events normally difficult to access in vivo. Electro-
FIG. 3. In vivo electroporation in mouse embryos produces loca
embryo undergoing injection with a solution of expression plasmid
sac (YS) and placenta (P) are intact. The injection needle penetrates
region. (B) After 20 h in culture postelectroporation, the left forebra
GFP. Scattered fluorescent cells near the (2) electrode are surface e
Side view of same embryo as (B), showing large patch of forebrai
expressing lacZ shows lacZ signal localized to the left dorsal region
are surface ectoderm cells electroporated with spilled DNA, as in (
with expression plasmids for GFP (green) and Pax6 (red, visualized w
is visible, whereas on the electroporated side, the domain of Pax6
FIG. 4. GFP expression is localized to limb mesoderm and som
corresponding GFP fluorescence image of avian limb mesoderm
microinjected under the ectoderm, into extracellular space between
Schematic illustration showing targeted application of plasmid DN
were positioned dorsal to the somite and ventral to the embryo. (D
in which electroporation was performed, as shown in (C), 18 h e
dermomyotome (dm) and in scattered sclerotome (scl) cells. The dermo
Copyright © 2001 by Academic Press. All rightoration is a useful strategy to introduce genes into tissues
solated in these cultures (Mainguy et al., 2000). As an
xample, roles for transcriptional regulators in the develop-
ng avian stomach have been defined using electroporation
Sakamoto et al., 2000; Fukuda et al., 2000). In mouse
mbryos, explant paradigms have the potential to extend
he usefulness of in vivo electroporation to older embryonic
tages, when whole mouse embryo cultures are not feasible.
Electroporation can be applied to other tissues outside of
he nervous system, including somites, limb mesoderm,
ndoderm, and ectoderm. Whereas electroporation into the
ervous system is relatively straightforward, applying this
pproach to other tissues requires careful consideration of
lectrode qualities, voltage parameters, and DNA localiza-
ion strategies. Injection of DNA constructs into the somi-
ocoeles of epithelial somites or between the overlying
ctoderm and dermomyotome has been a favorable strategy
or gene delivery to these structures (Figs. 4C and 4D)
Itasaki et al., 1999). Investigators could use this approach
to answer important developmental questions concerning
muscle cell fate determination, somite patterning, or axial
skeletal development. Genes involved in limb patterning or
morphogenesis can be misexpressed or dominant-negative
forms of signaling factors can be targeted to limb mesoderm
(Figs. 4A and 4B) (Takeuchi et al., 1999). The use of
electroporation as a gene delivery system in cardiac tissue
was recently investigated (Harrison et al., 1998). In avians,
embryonic chicken hearts expressed GFP or luciferase post
in ovo electroporation, suggesting this method may offer a
potent therapeutic approach.
To localize gene expression to a smaller population of
cells, microelectroporation approaches have proven advan-
tageous (Atkins et al., 2000; Momose et al., 1999; Yasuda et
al., 2000). Typically, fine-diameter electrodes are utilized
and placed in close proximity to the tissue of interest to
localize gene expression. Figure 5 shows an example of GFP
expression in a broad and confined region of the developing
gene expression in the developing forebrain. (A) An E9.5 mouse
h 1% Fast Green dye (blue) added to visualize injection. The yolk
olk sac and amniotic membrane and is inserted into the forebrain
uroepithelium, previously adjacent to the (1) electrode, expresses
rm cells electroporated with DNA spilled during the injection. (C)
ls expressing GFP. (D, E) Electroporation of a reporter construct
ebrain prosomere 2. Scattered lacZ-positive cells near (2) electrode
) Section through the diencephalon of an embryo coelectroporated
ntibody staining). On the control side, endogenous Pax6 expression
ession has been greatly expanded.
regions following in ovo electroporation. (A, B) Bright-field and
ously electroporated with plasmid DNA encoding GFP that was
omites and lateral plate mesoderm, approximately 48 h earlier. (C)
een) between the overlying ectoderm and dorsal somite. Electrodes
h magnification view of vibratome section through avian embryo
. GFP expression (green) is present in the dorsomedial lip of thelized
, wit
the y
in ne
ctode
n cel
of for
B). (F
ith a
expr
itic
previ
the s
A (gr
) Hig
arlier
myotome has been stained with Pax7 antibody (red).
s of reproduction in any form reserved.
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19Using in Vivo Electroporation for Genetic Manipulationsotocyst, after in ovo microelectroporation using fine tung-
ten electrodes (image kindly provided by Dr. John Brigande
nd Dr. Donna Fekete, Purdue University). In another
xample, a localized electroporation strategy was used to
ntroduce modified antisense oligonucleotides to a matrix
etalloproteinase into the endoderm of hydra (Leontovich
t al., 2000; Yan et al., 2000).
PERSPECTIVES ON USING IN VIVO
ELECTROPORATION IN OTHER MODEL
SYSTEMS
There are compelling reasons to apply in vivo electropo-
ration techniques to other organisms. Electroporation will
permit genetic manipulations in species without defined
genetics, where gene transfer approaches have not been
established. This strength of electroporation is best illus-
trated by the successful incorporation of transgenic DNA in
ascidians to identify enhancer regions and their regulatory
elements (Corbo et al., 1997, 1998; Locascio et al., 1999).
The electroporation approach will allow investigators to
test conserved molecular functions across species and
phyla. Furthermore, electroporation should be an enor-
mously useful technique for functional genomics studies in
multiple species in the future. Electroporation has served as
an effective strategy for gene transfer in Xenopus tailbud
stage embryos (Eide et al., 2000) and in Drosophila embryos
(Kamdar et al., 1995). Recently, single-cell electroporation
was successfully employed to study neuronal gene expres-
sion in Xenopus and in rat hippocampal slices (Haas et al.,
2001). Zebrafish eggs were successfully transfected with
DNA using electroporation (Buono and Linser, 1992; Muller
et al., 1993). Electroporation may also prove to be an easy
and reliable technique to introduce DNA in a targeted
manner into specific tissues in zebrafish embryos. Oka-
FIG. 5. In ovo electroporation targets GFP expression to the avi
otocyst 12 h after electroporation. Scattered ectoderm cells (arrowh
expression of GFP was achieved in the otocyst by using a microelect
image; (C) shows GFP fluorescence in a restricted region of the otoc
duct; mes, mesencephalon.moto and colleagues initially attempted targeted electropo-
Copyright © 2001 by Academic Press. All rightation in zebrafish but were unsuccessful because of disrup-
ion of the yolk cell (H. Okamoto, personal
ommunication). This problem may be resolved, however,
y using microelectroporation techniques, to confine the
lectric field and DNA expression to a spatially restricted
opulation of cells and, thereby, avoid sensitive tissues.
FUTURE DIRECTIONS
Based on the recent achievements of in vivo electropora-
tion in chicken, mouse, ascidian, Xenopus, and other em-
bryos, we expect that this technique will be an invaluable
tool in the developmental biologist’s repertoire. While
initially developed for the transfer of DNA into embryonic
cells, this approach is also applicable to proteins and RNA
(Rols et al., 1998; Leontovich et al., 2000). In vivo electro-
poration may prove beneficial for the uptake of antisense,
morpholino-modified oligonucleotides (morpholinos) in the
chicken and other embryos in “knockdown” experiments
(Nasevicius and Ekker, 2000). Electroporation of reporter
constructs could provide genetic markers for tracing cell
lineage and cell migration. Coupling tests of gene function
using electroporation to time-lapse studies would be a
valuable approach to understanding the mechanistic effects
of genetic manipulations on cell behavior. Simultaneous
tests of functional interactions between different gene prod-
ucts could be achieved by electroporating multiple DNA
sequences. In addition to providing a tool to express
dominant-negative and constituitively active proteins, elec-
troporation can also be employed to discern the local
induction of silenced genes and for promoter analyses,
using specific embryonic cell types as test tubes for tran-
scriptional regulatory studies.
In addition to benefits in basic developmental biology
research, in vivo electroporation holds exceptional poten-
tocyst. (A) Whole-mount embryo showing GFP expression in the
are labeled due to DNA spillage during the injection. (B, C) Focal
ration approach with fine tungsten electrodes. (B) is the bright-field
, anterior; ba, branchial arch, D, dorsal; ed, medial endolymphatican o
ead)
ropo
yst. Atial for gene therapy approaches to cancer, muscle, and
s of reproduction in any form reserved.
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20 Swartz et al.vasculature disorders. Recent findings demonstrate that
electroporation can introduce DNA and small chemothera-
peutic molecules into solid tumors (Rols et al., 1998). Other
esults indicate that introduction of plasmid DNA into
keletal muscles in various species results in high levels of
ene expression, reduced interindividual variability, and
ong-lasting gene expression, a key component for long-
erm clinical applications (Mir et al., 1999; Vicat et al.,
000). Gene transfer into intact mesenteric arteries in the
at was recently accomplished by electroporation, suggest-
ng the possibility of using this approach in targeted gene
herapy to the vasculature (Martin et al., 2000). The flex-
bility and power of electroporation for genetic analysis is
pparent from the broad range and high quality of recent
tudies. Moreover, we can expect further innovations and
ew applications to provide developmental biologists with
ompelling rationales to add in vivo electroporation to their
et of tools.
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